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1,2 Several mechanisms have been suggested for the novel behaviors. For ab , much emphasis has been placed on the ferromagnetic spin fluctuations, which has been used to interpret ab data in support of the possible microscopic origin of the quantum phase transition, 3 or the p-wave superconductivity in Sr 2 RuO 4 . 4 While for c , emphasis has been placed on the thermally assisted hopping, in support of the picture that two-dimensional ferromagnetic spin fluctuations are enhanced by pressure. 5 Here we explore an alternative mechanism, in which the ab anomaly originates from the scattering by incommensurate spin fluctuations ͑ISF's͒, meanwhile, the interlayer hopping assisted by the same ISF leads to the c anomaly. It should be noted that recent inelastic neutron scattering ͑INS͒ studies of the spin dynamics in Sr 2 RuO 4 have unambiguously revealed the presence of strong ISF peaked at Q i ϭ(Ϯ0.6,Ϯ0.6)/a in RuO 2 planes. 6, 7 Although previous theoretical works [3] [4] [5] focused on the mechanism of the carrier scattering by ferromagnetic spin fluctuations, up to now, however, INS measurement does not see any sizeable ferromagnetic spin fluctuations for RuO 2 .
6,7 Furthermore, as suggested in a recent work, 8 even if there is a ferromagnetic spin fluctuation, it should be weaker than the incommensurate spin fluctuation. Therefore, we expect naturally that there is a strong coupling between the carriers of Sr 2 RuO 4 and the incommensurate spin fluctuations. We shall show that it is due to this coupling that leads to the anomalous resistivity behavior of Sr 2 RuO 4 both in plane and out of plane.
We first investigate the resistivity anomaly in the ab plane. There are three ͑␣, ␤, ␥͒ bands in Sr 2 RuO 4 . Assuming interband transition is weak, hence ab i (T)ϭ n i (T)ϩ SF i (T) for a given band i. Here n i (T)ϵaϩbT 2 represents the Fermi liquid behavior together with the impurity scattering, 9 while SF i (T) is the resistivity arising due to the coupling between the carriers of RuO 2 planes and the incommensurate spin fluctuations ͑instead of the ferromagnetic spin fluctuations͒. As usual, the formula used to calculate SF (T) is derived from the force-force correlation in memory-function approximation [10] [11] [12] 
where J is the interaction constant that the carriers scattered by the spin fluctuations, T is the temperature, f () is the Fermi function, and n B () is the Bose function. ‫ץ‬ q /‫ץ‬q x divided by ប corresponds to the band velocity along x direction and Љ͑q,͒ is the spin-fluctuation spectral function, which will be introduced phenomenologically in the following. For two dimensional ͑2D͒ system, the sum over q ͑or k͒ in Eq. ͑1͒ is replaced by the integral on q ͑or k͒ being taken over the first Brillouin zone. Here, we introduce the spin-fluctuation spectral function Љ͑q,͒ used in Eq. ͑1͒. For simplicity, we follow Refs. 6,7 to take the phenomenological form
where is the magnetic correlation length, ⌫ is the damping energy, and Ј(Q i ,0) is the static spin susceptibility at wave vector Q i . Here Q i ϭ(Ϯ0.6,Ϯ0.6)/a, corresponding to those incommensurate peaks observed by INS. In the calculation, the parameters , ⌫, and Ј(Q i ,0) are determined by fitting to the INS experiments ͑see Fig. 4 of Ref. 6 , for example͒, without any adjustment. Thus the only free parameter in Eq. ͑1͒ is the interaction constant J. For the energy dispersions, we adopt the following forms for ␣, ␤, and ␥ bands: Here t Ќ ϭ0.1 eV is the hybridization between the xz and yz orbitals which results in hybridized ␣ and ␤ bands. For each orbital, t x (t y ) and tЈ are the nearest and next-nearest neighbor hopping amplitudes and is the chemical potential. In order to examine possible effects that the carriers of the ␣, ␤ and ␥ bands interact with the incommensurate spin fluctuations, we calculate SF (T) for each bands separately and present the results in Fig. 1 . It should be emphasized that for easy comparison, here we apply the same magnitude of J for all three bands. From a global perspective, the effect of ISF on ␥ band is stronger than those of ␣ and ␤ bands ͑assuming the same J). In the low-temperature regime, the behaviors of temperaturedependent resistivities of ␥ and ␣ bands are quite different from that of ␤ band. The resistivities of ␥ and ␣ bands follow quadratic temperature dependence, but that of the ␤ band displays linear temperature dependence, which cannot fit the experimental result of T 2 law 1,2 ͑see Fig. 2͒ . In addition, comparing the results of ␣ and ␥ bands, in order to produce the same magnitude of SF (T), the interaction constant J of the ␣ band needs to be about 2-3 times stronger than that of ␥ band. This seems contradictory with the experimental fact that the mass enhancement of ␣ band is 2-3 times smaller than that of the ␥ band.
14 This gives strong indication that ISF acts most effectively on the carriers of the ␥ band and its effect on ␣ and ␤ bands can be safely ignored in Sr 2 RuO 4 . Consequently, we model ab using a weighted sum of n ϭaϩbT 2 and SF ␥ . Here n includes the contribution from ␣, ␤, and ␥ bands altogether ͑very likely to be dominated by the ␥ band with the largest Fermi surface͒ due to scattering of the electrons by impurities and by other electrons, while SF ␥ includes only the contribution of ␥ band. The fit to the experimental data, taken from Ref. 2, is shown in Fig. 2 . Almost perfect agreement between experiments and theoretical calculations thus gives us confidence that the ISF is most effectively coupled to the carriers of ␥ band. In the inset of Fig. 2 , we display the best fits of n (T)ϭbT 2 with b ϭ9.04ϫ10 Ϫ4 ⍀ cm/K 2 and SF ␥ (T) separately, together with experimental results. It is evident that the contribution due to impurity scattering is negligibly small in the plane (aϭ0). We also note that there is a cross point be- 
where J Ќ is the effective interaction constant, k (i) is the band energy dispersion for layer i, and Љ(k,) is the spin fluctuation spectral function given in Eq. ͑2͒ ͑where we shall consider only the intralayer spin correlation͒. For this type of calculation, only two neighboring layers are involved. The fit to the experimental data, taken from Ref. 2, is shown in Fig. 3 . The best fit is obtained for aϭ1.43 m⍀ cm and b ϭ4.08ϫ10 Ϫ3 m⍀ cm/K 2 . Fairly good agreement between the experimental result and the theoretical prediction indicates that the ISF does indeed influence the c-axis electronic conductivity and leads to anomalous behavior of c .
In the literature, there are other approaches which theoretically investigate the normal-state in-plane ab and out-ofplane c resistivities of Sr 2 RuO 4 .
3-5 Two major mechanisms are usually assumed. One common mechanism for both ab and c is the bandlike contribution which originates mainly from the scattering of the electrons by impurities and by other electrons, for which there has been a consensus on its importance. As for the second dominant mechanism, the views differ for ab and c . As an example, Ref. 5 considers ab to be attributed to ferromagnetic spin fluctuations, while for c , they 5 suggest that it might be due to the thermally assisted hopping. In our case, we suggest that the novel behavior of ab is due to the coupling between the carriers of ␥ band and the ISF, which is also responsible for the novel behavior of c .
It is worthwhile to remark our fitting process for ab and c . For ab , because of the experimental fact of no residual resistivity at Tϭ0 ͑and thus aϭ0), the number of fitting parameter is 2 (b and J). Relative value of b and J represents the relative contribution attributed to Fermi liquid and ISF. For c , on the other hand, the number of fitting variables is 3 (a, b, and J Ќ ). The parameters a and b represent the relative contribution due to impurity and electronelectron scattering, while J Ќ represents the contribution of the hopping assisted by ISF. Secondly, our main focus is to study the effect of temperature on the resistivities, so we have omitted the constants (e, k B , etc.͒ in Eqs. ͑1͒ and ͑5͒, leaving the fitting parameters J and J Ќ to arbitrary units. To determine the physical values of J and J Ќ , one at least needs to know the carrier concentration of ␥ band ͑through the study of a different observable quantity͒, which is not available at this stage. Finally, it is reminded that we consider only the intralayer spin correlation ͑i.e., the interlayer spin correlation is neglected͒ and have used the same spinfluctuation spectral function ͓Eq. ͑2͔͒ for both ab and c calculations.
To test our scenario, we suggest using the pressure experiment. Recent resistivity measurements under pressure done by Yoshida et al. 5 and Shirakawa et al. 16 for Sr 2 RuO 4 reported that at high temperatures, ab decreases, while c increases, as pressure increases. In addition, Yoshida et al. 5 also reported that the temperature T M , where c develops a peak, increases as pressure increases. This sets a strong constraint on the theoretical model. How the pressure affects the values of SF , c SF , the spectral function Љ, and many others remains to be investigated. In the following, we instead make some heuristic calculations. For ab , we decrease both the weights of T 2 term and SF (T) by 30% and then add a constant (aϭ4 ⍀ cm) to it. The suppression of SF (T) corresponds to the decrease of spin fluctuation spectral weight at Q i under pressure, which we believe to be of the most importance. While the decrease of T 2 term occurs be- cause pressure suppresses the electron-electron interaction ͑see experiment of Ref. 17, for example͒. Due to pressure, there emerges a constant term associated with impurity scattering. 17 For c , in contrast, we increase the weight of c n by 45% ͑which mimics the increase of electronic conductivity of the bandlike term͒ and decrease the weight of c SF by 15% ͑which mimics the decrease of the electronic conductivity associated with the hopping assisted by ISF͒.
Numerical results for ab and c versus T with the new weighting ͑dashed lines͒ are shown in Figs. 4͑a͒ and 4͑b͒ , where original curves ͑already given in Figs. 2 and 3͒ are included for comparison ͑solid lines͒. As seen in Fig. 4͑a͒ , at high temperatures the resistivity under pressure is lower than the no pressure one. In other words, if pressure can alter the weights of T 2 and SF (T) in ab as we assumed, ab then decreases as the pressure increases. In addition, we predict a cross point between the curves with and without pressure, which is resulting from the impurity scattering induced by the pressure. While in Fig. 4͑b͒ , we see the pressure alter the weights of c n and c SF , and as a result, the peak temperature T M increases as the pressure increases. Moreover, at low temperatures, c decreases as the pressure increases; at high temperatures, in contrast, c increases as the pressure increases.
If we accept the results of the above model calculation associated with pressure, we can understand not only how pressure makes ab decrease at high temperatures, and c increase at high temperatures and decrease at low temperatures, but also the peak temperature T M in c increases as pressure increases . The cross point in Fig. 4͑a͒ for ab remains to be seen. Apparently, our model gives a very favorable account when comparing with experiments. It is thus highly demanded that the INS experiment under different pressures be performed to check whether pressure suppresses the strength of the incommensurate spin-fluctuation spectral function at Q i for Sr 2 RuO 4 . Of course, we also hope that more data on electrical resistivity will be done in order to compare with our model. In summary, in this report we have studied the normalstate transport properties of Sr 2 RuO 4 for both in-plane and out-of-plane resistivity ( ab and c ). We have shown that, assuming there is a strong coupling between the carriers of ␥ band and the incommensurate spin fluctuations ͑in addition to the normal scattering of electrons by impurities and by other electrons͒, the temperature variations of ab and c of Sr 2 RuO 4 are governed by the incommensurate spin fluctuation, whose effect is observed to cover a wide temperature range. Based on these results, we argue that there is a strong coupling between the carriers of ␥ band and the incommensurate spin fluctuations in Sr 2 RuO 4 . It is due to this coupling that leads to the anomalous behaviors of ab and c in Sr 2 RuO 4 . 
